Glycerol fermentation by Enterobacter agglomerans revealed that both growth and 1,3-propanediol production ceased after consumption of about 430 mM glycerol, irrespective of the initial glycerol content. This phenomenon was assigned to the production of 3-hydroxypropionaldehyde, which was identified by proton nuclear magnetic resonance and which showed a bacteriostatic effect. The accumulation during glycerol fermentation was also observed with two other enterobacterial species, i.e., Klebsiella pneumoniae and Citrobacter freundii.
The fermentation of glycerol to 1,3-propanediol has already been studied regarding the inhibition phenomena related to glycerol or to glycerol conversion end products. Biebl determined the critical concentrations of 1,3-propanediol, acetic acid, butyric acid, and glycerol which totally or appreciably inhibited the growth of Clostridium butyricum (2) . Inhibition by undissociated acetic acid and ethanol has been mentioned for the members of the family Enterobacteriaceae in the case of 2,3-butanediol fermentation (4, 10) . The present report describes the identification of an intermediary metabolite in the 1,3-propanediol pathway as an important inhibitor of glycerol metabolism by Enterobacter agglomerans CNCM1210.
Premature growth cessation and accumulation of an unknown compound during glycerol fermentation. Glycerol fermentation by E. agglomerans was carried out at 240, 370, 480, and 830 mM glycerol under culture conditions previously described (1) . It revealed that fermentations with glycerol concentrations over 480 mM were systematically characterized by an incomplete substrate consumption: about 430 mM glycerol was degraded before the fermentation ceased (Table 1) . This phenomenon did not occur with lower initial glycerol concentrations. In addition, the presence of an unknown compound on the high-pressure liquid chromatography (HPLC) chromatograms was noticed only when growth inhibition occurred. This compound was initially quantified from the peak area (expressed in microvolt seconds) with an electronic integrator. Its evolution during a 480 mM glycerol fermentation is shown in Fig. 1 . It appeared only after 15 h of fermentation, and the maximal amount, corresponding to 74,700 V ⅐ s, was reached when growth ceased. The origin of the premature halt of the fermentation was then investigated, and the study was directed towards an inhibitory phenomenon.
It was first verified that the accumulations of acetic, lactic, succinic, and formic acids and ethanol were not responsible for the premature fermentation termination. This was accomplished by addition to a fresh culture of a mixture of the four acids, ethanol, and 1,3-propanediol at the concentrations reached when glycerol consumption stopped. In addition, the accumulation of the unknown compound was observed exclusively when glycerol was anaerobically consumed singly or as a cosubstrate. The study was thus directed towards the identification of the unknown compound, which was believed to be specific to the glycerol metabolic pathway.
Chemical properties of the unknown compound. The unknown compound purified by HPLC from a fermentation medium supernatant was assessed by the colorimetric method of Circle et al. (3) . This test is used for acrolein detection and can also be applied for detection of 3-hydroxypropionaldehyde (3-HPA). The fraction reacted positively to this test, indicating that 3-HPA, the only intermediate of the 1,3-propanediol metabolic pathway, was probably present in the fermentation medium. The same fraction was also tested for its ability to react with semicarbazide. This last compound impedes 1,3-propanediol production during assimilation of glycerol by microorganisms by trapping 3-HPA (8) . Addition of semicarbazide to the supernatant of a fermentation medium caused a net decrease in the peak area of the unknown compound, suggesting the presence of 3-HPA.
Nuclear magnetic resonance analysis. The HPLC fraction containing the unknown compound was then subjected to proton nuclear magnetic resonance analysis. The resulting spectrum is shown in Fig. 2a ; it is quite similar to that reported by Talarico and Dobrogosz (9) . Homonuclear coupling experiments revealed the presence of two major components: ␦ ϭ 1.9 (q, 2H), ␦ ϭ 3.8 (t, 2H), ␦ ϭ 5.2 (t, 1H) (spectrum A) and ␦ ϭ 2.8 (t, 2H), ␦ ϭ 4 (t, 2H), ␦ ϭ 9.8 (t, 1H) (spectrum B) Spectrum A is compatible with the structure of 3-HPA. Because of the probable complexity of the mixture (3-HPA, hydrate, and linear and cyclic dimers and trimers), no further assignments were attempted.
Chemical synthesis of 3-HPA. As 3-HPA is not available commercially, it was chemically synthesized from acrolein by the method reported by Hall and Stern (6) . The concentrated solution obtained was subjected to proton nuclear magnetic resonance under the conditions described above. The resulting spectrum, shown in Fig. 2b , demonstrated a lack of acrolein in the final solution and was identical to the spectrum observed for the natural 3-HPA purified from the fermentation medium.
The solution of chemical 3-HPA was then lyophilized with a Serail RP 35 lyophylizer, and the lyophilizate was suspended in water. Used as a standard reference, it allowed the measurement of the concentration of 3-HPA found at the end of the fermentation using 480 mM glycerol described above, i.e., 29 mM (10 mM 3-HPA corresponds to 25,830 V ⅐ s).
Effect of 3-HPA on glycerol fermentative microorganisms. The chemically synthesized 3-HPA was used to determine the effect of 3-HPA on bacterial growth. Because of the small quantity obtained, cultures were performed with E. agglomerans, Klebsiella pneumoniae ATCC 25955, and Citrobacter freundii ATCC 8090 in 50-ml penicillin flasks containing 130 mM glycerol in the medium described above. 3-HPA was added during the exponential growth phase to a final concentration of 30 mM. This was immediately followed by a cessation of growth and glycerol consumption (data not shown). This   FIG. 1 . E. agglomerans growth, glycerol consumption, 1,3-propanediol accumulation, and unknown compound (UC) evolution in a 480 mM glycerol medium. pH and temperature were adjusted, respectively, to 7 and 30ЊC. Symbols: ϫ, biomass; s glycerol; F, 1,3-propanediol; }, UC.
FIG. 2.
Proton nuclear magnetic resonance spectra of (a) an HPLC-collected fraction of the unidentified product and (b) chemically synthesized 3-HPA. These spectra were recorded at 300.13 MHz by using a Brucker AM-300 instrument. Samples contained 10% (vol/vol) D 2 O for the field frequency lock and dioxane as an internal reference. This latter compound is responsible for the signals between 4.5 and 5 ppm. The H 2 O signal was attenuated with a low-power 3-s preirradiation. Additive effect of natural and synthesized 3-HPAs. Although the spectra of the natural and synthesized 3-HPAs were identical, their bacteriostatic effects were compared by adding the chemical 3-HPA 15 h after the beginning of cultures of E. agglomerans in a medium containing initially 725 mM glycerol. The amounts added were approximately one-half and onefourth of the predicted maximal level of 3-HPA, i.e., 14 and 7 mM, respectively. As illustrated in Fig. 3 , the addition of 3-HPA provoked in each culture the accumulation of natural 3-HPA until the same final amount, i.e., 30 mM, was reached. Natural 3-HPA accumulated later in the reference culture before reaching 30 mM. At this stage, glycerol consumption and growth ceased in the three cultures. The maximal level of 3-HPA and the additive effects of natural and synthesized 3-HPA were thus confirmed, demonstrating their similar bacteriostatic effects.
Glycerol fermentation by K. pneumoniae and C. freundii. In order to investigate the production of 3-HPA by other enterobacterial species, 220 and 760 mM glycerol fermentations by K. pneumoniae and C. freundii were performed under the culture conditions applied for E. agglomerans (Table 2 ). End product diversity was similar to that obtained with E. agglomerans (Table 1 ), but the proportions were different. As with E. agglomerans, 3-HPA was not formed by K. pneumoniae or C. freundii during the 220 mM glycerol fermentation. In contrast, as illustrated for K. pneumoniae (Fig. 4) , both enterobacteria produced 3-HPA during the 760 mM fermentation, but the accumulation of this substance in the medium was transient. These two strains accumulated 3-HPA in the medium to maximal concentrations lower than that reached with E. agglomerans under the same culture conditions, i.e., 24 mM for K. pneumoniae and 17 mM for C. freundii. In both cultures, these accumulations were related to the cessation of growth and the lower rates of substrate consumption and product formation. Nevertheless, 3-HPA was assimilated and glycerol was consumed until exhaustion.
The accumulation of 3-HPA during glycerol fermentation to 1,3-propanediol is demonstrated here for the first time. This observation, noticed for E. agglomerans, was additionally enlarged to include glycerol fermentation by K. pneumoniae and C. freundii: transient accumulation of 3-HPA was established while growth stopped and specific production rates slowed. This behavior therefore not only is characteristic of E. agglomerans but also is probably associated with most of the members of the Enterobacteriaceae. Differences in the quantity of 3-HPA produced and in susceptibility to this substance probably explain the discrepancies of behavior noticed in the glycerol fermentation by the three enterobacterial species. Premature halting of growth before complete glycerol consumption has previously been observed, but not discussed, with C. freundii (5) and K. pneumoniae (7) . These observations can now probably be explained by the accumulation of 3-HPA in the fermentation medium.
The reason for the accumulation of 3-HPA by the microorganism during glycerol fermentation have not been elucidated. The understanding of this behavior could be of great interest both for the optimization of 1,3-propanediol production and for the ecology of anaerobic microbiotic populations such as those present in gastrointestinal ecosystems or in anaerobic digesters for wastewater treatment. Biochemical approaches to achieve such a goal are under way. 
